In many tight-gas basins of the western United States distinguishing between productive and non-productive low-permeability sandstones, and predicting relative amounts of gas and water production is difficult. Comparison of gas shows, calculated water saturations, and saturation-height profiles between gas-productive and non-productive sandstones of equal reservoir quality all appear similar. Capillary pressure derived height functions are difficult to apply, and classic rock-typing procedures lack the predictive capability that is common to more traditional reservoirs. Basin reconstructions suggest the timing of petroleum charge and migration preceded maximum burial and uplift. This initial charge was likely a primary drainage displacement with reservoir porosity greater by a factor of 2-3 relative to values found today and permeability greater by 1-3 orders of magnitude. These reservoir systems became low-permeability following initial charge reflecting continued diagenesis throughout burial, subsequent uplift and erosion. With burial, decreasing pore volume caused water saturations and gas columns to increase. During uplift and erosion gas columns adjusted to changing structural configuration. In some cases this led to gas accumulations being leaked and spilled. In other cases, structural readjustment resulted in capillary imbibition and, in some cases, secondary (or higher order) drainage and imbibition. Within trapped accumulations, gas expansion upon uplift further increased gas columns. In cases where gas columns were spilled or within migration pathways imbibition led to residual or near-residual water saturations.
INTRODUCTION
Within the last 10-15 yr or so, unconventional gas resources have gone from being a boutique resource largely pursued by small, niche energy firms to a dominant source of natural gas and a mainstay in the portfolios of energy firms large and small. Interest in unconventional gas has spread from being largely focused within North America to being viewed on a much more global basis. Petroleum basins around the world are being re-examined for their unconventional petroleum potential as exploration around the world increasingly shifts towards unconventional resources. Although resources associated with mudrock reservoirs are the fastest growing segment within the suite of unconventional sources, resources associated with low-permeability sandstone reservoirs (commonly referred to as "tight-gas") remains a key component of natural gas supply (EIA, 2012) .
The last decade has seen considerable advances in our understanding of tight-gas systems at virtually all scales ranging from sedimentary basins to individual pore-throat systems (e.g. Shanley et al., 2004; Shanley and Camp, 2005; Cumella et al., 2008; Byrnes et al., 2009; Nelson, 2009a, b; Olson et al., 2009; Fall et al., 2012) . Despite these advances and the drilling of thousands of tight-gas wells, fundamental issues remain including, the assessment of productive versus non-productive reservoir intervals and the prediction of water production within reservoir intervals. Despite a wealth of information, formation evaluation in tight-gas reservoirs continues to be extraordinarily challenging and lacks the predictive capability commonly found in more Cambridge, MA) and in particular Steve Bryant (University of Texas, Austin, TX) helped clarify the author's understanding of drainage and imbibition displacement and the controls on residual saturation. Conversations with Paul Connelly (EOG Resources, Houston, TX), Mark Kittridge (Hess Corporation, Houston, TX), Kent Newsham (Apache Corporation, Houston, TX), Harris Cander (BP America, Houston, TX), and Russell Spears (ExxonMobil, Houston, TX) have helped the author consider the subsurface applications. Dick Merkel (formerly Newfield Exploration, Denver, CO) kindly provided capillary pressure data from the Jonah Field area. We are indebted to all for their time and for generously sharing their perspectives.
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In an attempt to shed light on these fundamental issues this paper examines the impact of basin history on fluid-saturation history and fluid distribution, on capillarity, and on formation evaluation in tight-gas sandstone reservoirs. The findings and conclusions of this work provide insights to routine exploration and development issues encountered in many tight-gas provinces and sheds light on problems that have plagued formation evaluation in these reservoirs. While the experience reflected in this paper is based on tight-gas reservoirs of the Rocky Mountain basins in the western United States, the principles are equally applicable to both gas and oil plays in low-permeability reservoirs in general that share a similar basin history.
Most tight-gas plays, at least in North America, occur in basins that experienced relatively late uplift and structural reorganization following an earlier phase of petroleum charge (e.g., Spencer and Mast, 1986; Roberts et al., 2004; Cumella et al., 2008; Tobin et al., 2010) . Shanley et al. (2007a Shanley et al. ( , b, 2008 suggested that many tight-gas reservoirs were initially charged with petroleum in a capillary-drainage process prior to their maximum depth of burial. This paper builds on that earlier work and suggests that at the time of initial petroleum charge, these reservoirs likely had porosity values at least double of what we find today and permeability values of 1-3 orders of magnitude greater than at present. With further burial, followed by basin uplift, erosion and basin reorganization, most tight-gas reservoirs are unlikely to be in a state of primary drainage capillary-pressure equilibrium. Many early traps spilled their petroleum charge and now lie at residual or near-residual saturation. These reservoirs often appear productive as described by saturation-based formation evaluation, but commonly produce formation water with only minor gas. At a more regional scale, large areas within tight-gas basins may lie at residual, or near-residual gas saturation but distinguishing residual gas saturation from saturations associated with economically viable production is difficult. In other reservoirs this dynamic structural evolution resulted in a complex relationship between capillary pressure, saturation, and productivity. Some reservoirs remain in primary-drainage equilibrium, while others are in a state of primary imbibition, and still others have experienced several episodes of petroleum fill and spill resulting in higher-order drainage and/or imbibition akin to scanning profiles in capillary-pressure experiments. As a result tight-gas reservoirs at varying saturation states, at varying capillary pressures, with similar water saturations, and highly variable production characteristics can occur in close physical proximity. Production can vary from prolific gas flow with limited water (water of condensation) to water production with limited gas production all appearing approximately similar from the perspective of traditional formation evaluation. This presents a formidable challenge for petrophysical analysis. Many fundamental aspects of formation evaluation such as fluid-saturation determinations, the use of saturationheight concepts, relationships between fluidsaturation and performance, capillary-based rock typing, etc. are predicated on both reservoirs and fluids being in a state of primary-drainage capillary equilibrium. It is only under these conditions that unique relationships exist between water saturation and factors contributing to petroleum productivity.
It should be noted that while there are logging tools and approaches to formation evaluation that might help address some of these fundamental issues, their application has met with very limited success to date. The lack of even modest success and the focus on containing costs and reducing operating expense has resulted in the vast majority of tight-gas wells being logged with relatively inexpensive and traditional logging suites consisting of gamma ray, bulk density -neutron porosity -sonic transit time, and a suite of resistivity measurements. In some cases where the operational focus to contain costs is significant and the ability of formation evaluation to accurately predict productivity is limited, many wells are logged with limited cased-hole tools and in some cases only a cement-bond log is run.
COMMON OBSERVATIONS IN TIGHT-GAS PROVINCES
Recent work in tight-gas systems provides a detailed description of many of the common petrophysical characteristics of these reservoirs (e.g., Shanley et al., 2004; Byrnes et al., 2009) . Despite these insights as well as the advances in our understanding of tightgas reservoir behavior that have resulted from the thousands of wells drilled in these provinces, there remains a suite of observations for which we lack sufficient explanation in the context of prevailing paradigms. These observations are summarized in Table 1 and range from basin-scale observations of gas versus water productivity to those that are more at the scale of pore systems and relate to gas-column heights and capillary pressure. (Figure 1 shows the generalized locations of data and information that are mentioned in this paper). The fact that such observations remain despite the very large numbers of wells drilled suggests a reexamination of fundamental aspects of tight-gas petroleum systems is in order. To address these fundamental observations requires (a) a greater understanding of basin history relative to petroleum generation and migration, (b) an improved understanding of the evolution of reservoir quality in light of basin history, and (c) an integrated understanding of the evolution of fluid-saturation history. (NoteFigures 2 and 3 are initially referenced in Table 1 ).
ELEMENTS OF BASIN HISTORY

Large-Scale Structural History
Many of the tight-gas basins in the greater Rocky Mountain region are characterized by a relatively early onset to petroleum charge during the Paleocene to Middle Eocene (approximately 40-65+ Ma) followed by additional burial, further petroleum generation, and a relatively late phase of uplift, erosion, and structural reorganization (e.g., Figure 4 for an example from the Greater Green River Basin, Wyoming; Table 2 for a more widespread description of petroleum generation and references). In general, petroleum generation during the Paleocene to early Eocene reflects increased subsidence within the foreland region generally correlated to the segmentation of the much larger Cretaceous foreland basin into the Laramide-age basins that dominate the present physiography. As a result, petroleum generation in most tight-gas basins was initiated prior to maximum depth of burial and that rate of generation dropped precipitously, and in many cases ceased altogether, once uplift and erosion were initiated and thermal stress of the source rocks decreased. Burialhistory reconstructions suggest that depending on the source interval and the particular basin, reservoirs may have seen more than 18,000 ft (>5000 m) of additional burial following the onset of petroleum generation (e.g., Nuccio and Roberts, 2003; Yurewicz et al., 2003 Yurewicz et al., , 2008 Coskey, 2004; Roberts et al., 2004 Roberts et al., , 2005a Roberts et al., , b, 2007 Roberts et al., , 2008 Coskey and Leonard, 2005; Higley, 2007; Ozkan, 2010; Tobin et al., 2010 ; summarized in Table 2 ). Depending on the specific basin and position within that basin, uplift, erosion, and basin reorganization has occurred over the course of the last 30 m.y., (in some cases within the last 5 m.y.) and may locally have resulted in more than 8,500 ft (2,600 m) of relative uplift (Table 2) .
Estimates of relative uplift and erosion are commonly derived from plots of vitrinite reflectance (VRo) versus depth and extrapolations of remnant stratigraphy across presently eroded topographic basins. (An explanation of all abbreviations used in this paper is provided in the Appendix). Although these data support significant relative uplift, the paucity of strata younger than Eocene prevents a detailed chronostratigraphic description of late Cenozoic basin history. Despite the challenges of unraveling the detailed Cenozoic history of these basins, numerous authors have documented Eocene through Pliocene (and locally younger) structural movement (Table 3) . While a detailed, quantitative assessment of uplift is lacking, it does seem clear that structural reorganization post-dating petroleum generation and migration was widespread throughout much of the Rocky Mountain region locally varying in time and magnitude. Importantly to this paper, it would seem unlikely that many early petroleum accumulations remained static throughout their geologic history while the basins underwent significant structural change. The idea of relatively late-stage structural uplift and exhumation significantly affecting petroleum accumulations is similar to that proposed for petroleum basins along the north Atlantic margin in northern Europe
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Evolution of Tight-Gas Saturation Shows suggest proximity to gas pools and in the case of Type-I shows (sensu Schowalter and Hess, 1982) suggest trapped gas pools. Permeability jail (Shanley et al., 2004) explains some of these cases but is not applicable in many cases. In the basin-center paradigm gas shows cited as evidence of continuous gas accumulations and sometimes irreducible water saturation. Why are shows so widespread? Why do so many gas shows fail to produce at commercially viable rates? Why is there such a poor correlation between the presence of gas shows and sustained production? Why are gas shows common in some zones renowned for their water production?
2. Significant water production from reservoir zones for which calculated water saturations would predict significant gas production.
Well documented examples include the Ericson Sandstone in the Greater Green River Basin, southwest Wyoming, the Castlegate Sandstone in the Uinta Basin, Eastern Utah, and the Rollins Sandstone in the Piceance Basin, Western Colorado. Water saturation (Sw) values for these zones commonly well less than 50%. Sw values commonly lower than adjacent gas-producing zones.
Inappropriate water-saturation model (using the "wrong" shaly-sand equation). Incorrect values for formation water resistivity ("true Rw" more fresh than indicated, more fresh than recorded in water tests). Inappropriate electrical parameters (Archie "m" and "n" or "m*" and "n*" too low). (Variables are defined in Appendix).
Wireline logs responding to exotic elements causing porosity and/or resistivity values to be in error.
Multiple saturation models have been used with wide ranges in formation water resistivity and the problem persists. In many cases formation waters would have to be unrealistically fresh to eliminate the problem and would lead to unrealistically high water-saturation values (well in excess of 100%) (Shanley et al., 2007b; Shanley, 2009 ). Detailed electrical parameter data sets (e.g., Byrnes et al., 2009) suggest Archie parameters may actually be lower than what is commonly used further exacerbating the issue (as "m" and "n" decrease, so does Sw).
3.
Thick reservoir intervals often with high apparent resistivity, often across large geographic areas.
Observation of widespread, high-resistivity in porous tight sandstones has been used to infer widespread gas saturation (e.g., Masters, 1979) (argument often bolstered with the presence of gas shows).
Drilling within these zones of "high resistivity" has shown that gas saturation is not ubiquitous. In many cases these high-resistivity zones fail to deliver gas production and in some cases deliver water production.
4. Saturation-height trends, when filtered to a limited suite of rocktypes, commonly show little variation in Sw with respect to depth and fail to be predictive in most tight-gas provinces. Difficult to reconcile saturation-depth trends with capillary pressure trends. See Figure 2 . Lack of variation in Sw with respect to depth often used to argue that reservoirs are at, or near, irreducible saturation and the difference between wireline determined saturation and Sw-depth trends has been used by some to "calibrate" calculated saturation values.
If the Sw-depth trends are used to infer reservoir at, or near, irreducible saturation then the gas column heights would need to be very large. This would lead to predictions of significant overpressure at the top of gas accumulations which is not observed in most tightgas accumulations.
5.
Gas column-height predictions based on closely spaced core samples containing both native-state saturations and capillary pressure measurements often vary by hundreds to thousands of feet (tens to hundreds of) (Miller et al., 2007) . See Figure 3 .
Laboratory data invalid, problems with how laboratory data were collected.
Subsurface not in capillary equilibrium -capillary concepts not applicable in tight-gas.
The dramatic variability in predicted heights above free-water suggests traditional, primary drainage-based concepts may require reexamination.
6. "Pay" determinations and water-saturation calculations do not bear close relationships to performance and EUR. Significant variability in data sets exists. Filtering data based on rock-type approaches does not significantly reduce the variability and low-predictive capability.
Petrophysical model is "wrong" or invalid in this area. Difference in zone performance from wireline-derived water saturations often attributed to varying completion practices which can cause substantial differences in reservoir performance.
If reservoirs are in primary drainage capillary equilibrium then there should be a relationship between reservoir performance and reservoir fluid-saturation. The lack of a relationship calls into question fundamental assumptions.
7. Classic petrophysical rock-typing (e.g., Gunter et al., 1997; Hartmann and Beaumont, 1999; Rushing et al., 2008) using capillary pressure data, porosity, permeability, and relative permeability data to characterize rock-types often have a limited overall correlation to performance. When rock-typing approach fails to match performance the problem is usually assigned to a missing element within the rock-typing approach suggesting if we had more, or better, data the problem would be resolved.
Petrophysical rock-typing approach fundamentally rooted in primarydrainage-based concepts. Failure of rock-typing to predict performance may suggest that the underlying paradigm should be re-examined.
8. Gas-column height predictions based on comparison of wirelinederived saturation estimates and capillary-pressure measurements suggests very large gas columns are required to achieve observed saturations.
Gas columns are thought to be very thick. Continuous gas saturation is thought to occur across very thick stratigraphic intervals with no associated water.
Basin history suggests that reservoir quality at time of charge may have been substantially different (more favorable) at the time of charge. This calls into question the traditional approach of comparing saturations and capillary pressure to derive insights to column thickness.
Predictions of large column heights in primary drainage equilibrium should have corresponding high pressures at the top of the column. These are not observed in most tight-gas provinces.
(e.g. Dore and Jensen, 1996; Corcoran and Dore, 2002; Dore et al., 2002a, b) . In these northern European basins late-stage uplift has led to changes (usually a decrease) in seal-integrity, late-stage remigration of petroleum, and exsolution of natural gas. Of the numerous studies concerning the burial history of Rocky Mountain basins and their link to petroleum generation (many of which are cited above), Coskey's (2004) investigation of the Jonah Field area in the Greater Green River Basin of southwest Wyoming is particularly noteworthy. In addition to the standard practice of calibrating burial history models to bottom-hole temperature and vitrinitereflectance data, Coskey (2004) also calibrated burial-history models to porosity evolution in the overlying reservoir succession. This calibration allowed reservoir porosity to be estimated throughout the cycle of petroleum generation and highlighted the fact that because petroleum expulsion and charge predated maximum burial, reservoir porosity, and by inference permeability, was significantly better at the time of initial migration than what is commonly found today. Coskey (2004) inferred that porosity likely ranged from 15%-30% as compared to a reservoir porosity of 6%-10% found today. The implications of Coskey's work are profound. They suggest that tight-gas sandstone reservoirs were not tight-gas sandstones at the time of charge but rather may have had porosity values ranging from 2-3 times what we find today and by extrapolation, may have had absolute permeability values that were likely 10-1000 times what we find today (Coskey, 2004; Shanley et al., 2007a) . More recently, Tobin et al. (2010) built on this earlier work and developed quantitative diagenetic models of the tight-gas Almond Formation in the Greater Green River Basin of Wyoming that suggest greatly improved reservoir quality at the time of petroleum charge. Because the structural configuration of the basins continued to evolve post charge, and because the reservoirs continued to lose pore volume following charge, it would seem likely that any petroleum columns that were associated with this initial charge, must also have undergone modification through this complex burial and uplift and erosion history.
Burial History, Reservoir Quality, and Capillary Pressure Profiles-Drainage Displacement and Initial Petroleum Charge A long-standing problem in the study of tight-gas reservoirs has been reconciling the apparent water saturations, as derived from well logs with the low porosity values and small pore-throats that characterize these same reservoir systems (e.g. Shanley et al., 2004; Brown, 2005) . Simple buoyancy-driven, primary-drainage displacement concepts would suggest that large petroleum column heights are required to generate sufficient buoyancy pressure to overcome the high displacement pressures associated with these tight-gas reservoirs (e.g., Figure 2D ). The inherent stumbling block has been that the required column heights to achieve these displacement pressures are unreasonably high. Building on the early work of Coskey (2004) , Shanley et al. (2004) suggested that capillary pressure data obtained from cores might not be representative of the pore structure at the time of petroleum charge and suggested an evolutionary 
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Evolution of Tight-Gas Saturation process throughout burial history in which reservoir quality progressively degrades. From the perspective of capillary-pressure profiles, this would be seen as successive curves being characterized by progressively higher displacement pressures reflecting the development of increasingly smaller pore throats and more tortuous pore systems. To understand how reservoir quality, as reflected by capillary-pressure curves, might change during the burial history process and how those changes might be manifested in terms of fluid saturation, a relatively simple pseudo-capillary-pressure model was constructed following the approach of Hawkins et al. (1993) . The model was implemented in Microsoft EXCEL™ and linked to a simple burial-history model as well as a porosity-permeability, Winlandstyle crossplot (e.g., Kolodzie, 1980) . The model was conceived to explore the evolution of capillarypressure profiles and porosity-permeability pairs as a function of overall decreasing reservoir quality during the burial-uplift and erosion cycle. The model allows reservoir properties (porosity, permeability, water saturation, and pseudo-capillary-pressure profile) to be explored at multiple points along a burial history and uplift and erosion profile and for reservoir properties at present-day depth to be compared to possible reservoir properties at the time of petroleum charge ( Figure 5 ). The model was not intended to provide a detailed examination of changes in reservoir quality itself as a function of burial nor was the model intended to faithfully reproduce porosity-permeability values in any particular basin. For that, there are much more sophisticated approaches (e.g., Taylor et al., 2010; Tobin et al., 2010) . The model allows for considerable user flexibility and as such facilitates the construction of scenarios with which to constrain discussion.
Comparison of model results with lowpermeability capillary-pressure data sets (e.g. Byrnes et al., 2009 ) suggests that the model-derived, pseudo-capillary-pressure curves may be slightly pessimistic, however, for modeling purposes and for Gross reservoir thickness -approx. 130m Almond Formation, Wamsutter field area, WY Native-state core-based water saturation vs column height prediction High-pressure, mercury injection capillary pressure Core Sw values and capillary pressure curves allow a predicted height above free-water to be determined. At face value, the data would suggest column heights ranging from 76 m (249 ft) to in excess of 9,000 m (29,528 ft). The discrepancy between these two data types is not unusual in this field area and suggests a saturation state that may not be in primary-drainage capillary equilibrium. From Miller et al. (2007) and Miller and Shanley (2010) . Figure reprinted with permission from the Society of Exploration Geophysicists. Sw = water saturation. Figure 4 . Composite figure showing the timing of oil, gas, and oil-cracking-to-gas for several source rock intervals (Mesaverde, Baxter, and Mowry) and from several well locations (Eagle's Nest, Wagon Wheel, and Adobe Town) across the Greater Green River basin, southwest Wyoming. Locations are shown on Figure 1 . These data suggest that peak oil and gas generation occurred between 45 and 65 Ma, peak oil-to-gas conversion took place between 35 and 55 Ma. These data suggest that generation precedes late structural uplift and basin reorganization and erosion. Modified from Roberts et al. (2004) .
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Evolution of Tight-Gas Saturation purposes of framing the following discussion the results are acceptable. Figure 5 illustrates some model results where burial history parameters are consistent with the regional evolution of the Greater Green River Basin in southwest Wyoming. The burial history considers a general case where initial petroleum charge would have accessed a reservoir when that reservoir was at a burial depth of approximately 7,000 ft (2,135 m), the reservoir interval was further buried to a depth of approximately 14,000 ft (4,267 m) and was uplifted to a present-day depth of approximately 9,500 ft (2,896 m). This particular iteration suggests that a reservoir whose present porosity and permeability values were approximately 11% and 0.09 mD, respectively, might have initially been charged when porosity and permeability were 20% and 34.4 mD. More generally, the model suggests that typical micro-to nano-porous tight-gas reservoirs with 8%-10% porosity and tens of μD permeability, were likely originally charged when reservoirs were macro-porous with perhaps 2-3 times the porosity (20+ % porosity) and 1-3 orders of magnitude permeability (tens of mD permeability) (e.g., Shanley et al., 2007a Shanley et al., , 2008 Shanley, 2009) . Building on earlier work by Shanley et al. (2004 Shanley et al. ( , 2007a Shanley et al. ( , 2008 , Tobin et al. (2010) used fluid-inclusion data and quantitative modelling of reservoir quality (Touchstone™) and petroleum generation (Zetaware Genesis™ and Trinity™) to investigate reservoir quality at the time of petroleum generation and migration for the tight-gas Almond Sandstone reservoir in the Greater Green River Basin of southwest Wyoming. Similar to the more qualitative conclusions of Shanley et al. (2007a Shanley et al. ( , 2008 they concluded that reservoir porosity and permeability were markedly better at the time of petroleum emplacement relative to values recovered today. Specifically, Tobin et al. (2010) suggest reservoir permeability ranging between approximately 25 mD to 500 mD at the time of charge compared to present day permeability values ranging between 0.001 mD to 0.10 mD.
Implicit to this concept of initial petroleum charge into reservoirs with improved porosity-permeability values relative to what is commonly found today is that diagenesis, particularly cementation, associated with significant additional burial following charge, continues to reduce reservoir quality despite the presence of petroleum. This view of continuing porosity loss with increasing burial is not universally accepted. Fall et al. (2012) for example, suggest there was no additional porosity loss in the Piceance Basin following initial petroleum charge despite significant additional burial. While a detailed discussion of petroleum presence and its impact, or lack thereof, on cementation is well beyond the scope of this paper it is worth considering a few key points. The idea that the presence of petroleum retards, or even halts, further cementation has been part of petroleum lore for almost a century dating back to Johnson (1920) . Since that time, there have been several papers either promoting petroleum as an effective inhibitor to cementation or refuting the role of petroleum (see Taylor et al., 2010 for a review). Tobin et al. (2010) describe petroleum and gas-bearing fluid inclusions in their study of the Almond Sandstone, clearly indicating that cementation continued despite the presence of petroleum. Taylor et al. (2010) provides a comprehensive review of the topic and concludes that there is little evidence to support a general statement that the presence of petroleum significantly retards porosity loss.
Combining Burial History and Capillary Pressure Profiles-Imbibition Displacement and Scanning Loops
Before considering the impact of burial history on saturation profiles it is important to have a general understanding of both drainage and imbibition displacement. When a nonwetting fluid displaces a wetting fluid in a porous medium such that the wetting-phase saturation decreases, the process is referred to as "drainage" or "injection" or "intrusion" with the initial displacement termed "primary drainage." The often-cited classic example of primary drainage is the initial migration of a petroleum phase into a water-wet reservoir where the petroleum phase is nonwetting and displaces the water phase. The reverse process, a wetting phase displacing a nonwetting phase such that wetting-phase saturation increases is termed "imbibition" or "withdrawal" or "extrusion" with the initial displacement termed "primary imbibition". The classic example of primary imbibition is a waterflood where the wetting phase fluid, water, displaces the nonwetting fluid, 
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Evolution of Tight-Gas Saturation petroleum. Because of complexities in the pore system, nonwetting phase snapoff, and differences in receding versus advancing contact angle, drainage and imbibition direction displacements rarely follow the same pathway resulting in capillary hysteresis (e.g., Wardlaw and Taylor, 1976; Wardlaw and Cassan, 1978; Wardlaw and Yu, 1988; Dullien, 1992) (Figure 6 ). The saturation value at the point at which imbibition curves return to the horizontal axis (capillary pressure = 0) is termed residual saturation. In a water-wet system imbibition is a spontaneous process where the capillary forces are responsible for fluid motion whereas drainage requires capillary forces to be overcome by applying external pressure (Mogensen and Stenby, 1998) . To mobilize residual saturation requires the introduction of additional reservoir energy. The pseudo-capillary-pressure model that we developed provides a perspective of how primarydrainage capillary-pressure profiles might evolve as the overall pore volume of a reservoir is decreased and as pore throats become increasingly small and tortuous. We have previously described how many of the Rocky Mountain basins have undergone a complex period of basin uplift and erosion and structural reorganization following petroleum migration and charge. Because petroleum migration is governed by buoyant forces it would seem reasonable to think that as basins are structurally reorganized even slight changes in structural attitudes would lead to remigration and/or remobilization of petroleum and petroleum accumulations. The critical factor would not be the absolute amount of uplift as much as it would be that there was uplift, erosion, and structural reorganization. In a water-wet system, any remigration or remobilization would likely involve water displacing petroleum, so understanding how fluid saturations might change as a result of this late structural history requires us to examine the process of imbibition and the controls on capillary hysteresis. Wardlaw and Taylor (1976) , Wardlaw and Cassan (1978) , and Wardlaw and Yu (1988) used capillary-pressure scanning profiles to better understand imbibition and capillary hysteresis in Paleozoic oil reservoirs from Western Canada. Their work showed that the amount of hysteresis, the relative shape of the imbibition and secondary (and 
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*Also included are estimates of additional burial for key reservoir intervals measured from the onset of hydrocarbon generation. The spread in ages associated with onset of generation, peak generation, and the end of petroleum generation as well as the range in additional burial amounts (at the reservoir level) and the range in uplift and erosion reflects the spatial variability of wells for which burial history analyses were done. Locations referenced in Table 2 are identified in Figure 1 . higher) drainage curves, and the magnitude of residual, nonwetting-phase saturation, was largely controlled by the complexity of the pore geometry and reservoir wettability. Pore geometry complexity was characterized by the pore-throat to pore-body coordination number, and the pore-body to pore-throat aspect ratio (see also Trygstad et al., 1986; Ehrlich and Davies, 1989) . The use of capillary-pressure scanning profiles was extended to tight-gas sandstone reservoirs by Byrnes et al. (2009) (Figure 7 ) who examined a wide range of reservoir quality as defined by porosity-permeability relationships. Both of the aforementioned sets of laboratory studies using capillary-pressure scanning profiles clearly illustrated that at any given wetting-phase saturation, capillary pressures are lower (sometimes substantially lower) for imbibition and secondary or higher-order drainage and imbibition than for primary drainage due to significant hysteresis (Figure 7) . Furthermore, imbibition and second-order or higher drainage or imbibition curves generally have much less change in water saturation as a function of capillary pressure and are more steep than primary drainage profiles. Figure 7 also shows that in general, as the overall reservoir quality degrades, the degree of hysteresis increases and the tendency for higher-order drainage and imbibition curves to become increasingly less sensitive to changes in saturation increases. In complex pore geometries and water-wet reservoirs this hysteresis largely reflects non-wetting phase snapoff leading to isolated and disconnected filaments of the nonwetting phase trapped within the pore-system (e.g., Wardlaw and Taylor, 1976; Wardlaw and Yu, 1988; Dullien, 1992; Al-Gharbi and Blunt, 2005) ( Figure 8 ). In addition to laboratory experiments, porenetwork models have provided insights to imbibition displacements and the nature of residual, non-wetting phase saturations (e.g., Jerauld and Salter, 1990; Mogensen and Stenby, 1998; Hughes and Blunt, 2000; Blunt, 2001; Blunt et al., 2002; Al-Gharbi and Blunt, 2005; Valvatne et al., 2005) . Both the laboratory work and modeling suggests that significant capillary hysteresis should be expected in reservoir rocks with complex pore geometry and large pore to porethroat aspect ratios. That tight-gas reservoirs have such a pore system is confirmed by the stress-dependent permeability that is commonly associated with most tight-gas reservoirs and descriptions of the pore systems (e.g., Brower and Morrow, 1985; Kilmer et al., 1987; Shanley et al., 2004; Byrnes et al., 2009 ).
The subsurface prediction from both laboratory and modeling efforts is that as petroleum columns adjust to changing structural configurations and Seeland (1985) Wind River Basin, Big Horn Basin, Powder River Basin -all in Wyoming
Post Middle Miocene regional uplift and northward tilting. Initiated excavation, exhumation, and isostatic adjustment.
Love -in Baars et al. (1988) n Baars et al. (1988) Uinta Mountain Uplift -northern margin of Uinta Basin, Utah, southwestern margin of Greater Green River Basin, Wyoming
Movement along Uinta Mountain uplift in Eocene to Pliocene. Also suggested that basin margins re-adjusted through Oligocene through Pliocene.
Ryder -in Baars et al. (1988) South Park Basin, Colorado Uplift, erosion, and fault movement during Miocene and Pliocene.
DeVoto -in Baars et al. (1988) Denver Julesburg Basin, Colorado Structural movement during Oligocene (Morse) and epeirogenic uplift during Miocene and younger (Raynolds) . Morse (1985) and Raynolds (2002) Ozkan (2010) Southern Rocky Mountain region and Colorado Plateau region
Late Cenozoic uplift, faulting, and erosion. Morgan (2003) *Locations referenced in Table 3 are identified in Figure 1 .
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Evolution of Tight-Gas Saturation imbibition or secondary (or higher) drainage conditions prevail, saturation would vary little with respect to height (e.g., Figure 2 ). Although for any given sample a general relationship exists between the initial nonwetting-phase saturation and the residual nonwetting-phase saturation (e.g., Land, 1971; Stegemeier, 1977; Byrnes et al., 2009) , it is clear that the degree of hysteresis and the magnitude of residual saturation varies directly as a function of specific pore geometry, and therefore rock type, as well as initial saturation and could be expected to vary dramatically over short vertical distances as pore-and pore-throat geometries change (e.g., Figure 3 ). Because hysteresis is strongly influenced by pore-and pore-throat complexity, residual saturations themselves can be expected to vary across a considerable range of water saturations ( Figure 9 ). Although the data shown in Figure 9 are a mix of counter-current imbibition and mercury injection followed by withdrawal capillary pressure, the range in residual saturations is thought to represent a realistic range that could be expected in low-permeability sandstone reservoirs and is similar to residual saturations reported by Byrnes et al. (2009) . A similarly wide range in residual saturation as a function of decreasing reservoir quality was also reported by Keelan and Pugh (1975) and Hamon et al. (2001) , however, the reservoirs discussed in this paper have air-permeability values 2-4 orders of magnitude less than those reported in Keelan and Pugh (1975) and 1-2 orders of magnitude less than those reported by Hamon et al. (2001) . Dacy (2010) also suggested trapped gas would increase with decreasing reservoir porosity and increasing pore complexity. The precise capillary-pressure-saturation pathway exhibited by any given reservoir would reflect the complex late structural history of any given basin, its detailed pore structure, and depending on the intricacies of the late structural history could be manifested by multiple drainage and imbibition scanning loops similar in form to the laboratory scanning loops illustrated in Figure 7 .
FLUID SATURATION AND BURIAL HISTORY
Capillary-pressure modeling taken in conjunction with an understanding of capillary hysteresis and drainage-imbibition scanning profiles in complex pore systems allows us to consider the evolution of fluid saturations from initial petroleum charge through late-stage uplift, structural reorganization, and erosion. This work and that of others (e.g., Coskey, 2004; Tobin et al., 2010) suggests that many, if not most, tight-gas reservoirs had greater porosity and permeability at the time of initial petroleum charge and migration relative to values commonly observed in core today. When petroleum was initially emplaced, capillary-pressure profiles characterized by simpler pore geometries with larger pore-throats and lower overall displacement pressures were likely (e.g., Figure 5C ). As a result, relatively small petroleum columns were able to achieve relatively low wettingphase saturations. With continued burial and diagenesis, capillary pressure profiles would progressively move in the direction of higher displacement pressures and smaller pore-throats (similar to the trend shown in Figure 5 ). To understand how initial saturations might evolve as reservoirs deteriorated, end-member scenarios of (a) constant and (b) increasing bulk-volume water with increasing diagenesis and pore-volume reduction were considered; it seemed unlikely that bulk-volume water would decrease as overall reservoir quality decreased. With decreasing reservoir quality, decreasing pore-volume, and either constant or increasing bulk-volume water, initial saturations would migrate towards higher wetting-phase saturation at higher capillary pressures as illustrated in Figure 5 . This would result from increased column thicknesses generating higher buoyancy pressures and the fact that a given pore volume would be distributed over a greater reservoir volume. The result would be that significant petroleum columns at modest wetting-phase saturations common to many tight-gas systems today likely "evolved" from smaller petroleum columns at lower wetting-phase saturations ( Figure 5 ). During later-stage basin reorganization, uplift, and erosion the buoyancy associated with petroleum columns would cause those columns to adjust as well. It is important to realize that it is not the absolute magnitude of uplift that is critical. What is critical is the relationship between trap configuration and geometry and column buoyancy. Even subtle structural changes could cause petroleum columns to 
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Evolution of Tight-Gas Saturation undergo significant adjustment. Any movement of petroleum columns would initially involve primary imbibition but, depending on the complexity of basin reorganization and pore geometry, could involve multiple cycles of imbibition and drainage, similar to capillary scanning profiles (e.g., Figure 7 ). The final change in overall column morphology during uplift is overall gas expansion further increasing column thickness and likely increasing overall buoyancy pressure. The result of this complex history is that tight-gas reservoirs that have undergone a dynamic burial and charge history similar to that found in many Rocky Mountain basins are unlikely to be in a state of primary-drainage capillary equilibrium. These reservoirs are much more likely to be in a state of capillary equilibrium characterized by imbibition or secondary (or higher order) drainage or imbibition. Figure 10 provides a series of time-slice illustrations that show conceptual changes in capillary equilibrium during a cycle of burial and uplift. It is entirely possible for reservoirs to have similar water saturations and very different capillary pressures depending on the details of their history ranging from residual or near-residual saturation to saturations associated with primary drainage, and secondary or higher drainage or imbibition. As a result similar water saturations could be associated with a wide range of production outcomes leading to an elusive relationship between water saturation and performance, something that is commonly observed in many tight-gas production provinces. Tight-gas reservoirs with somewhat better connected, larger pore throats and larger pores would be expected to undergo imbibition with less hysteresis whereas those reservoir intervals characterized by greater complexity, smaller pore throats and smaller pores would be expected to undergo imbibition characterized by greater hysteresis.
IMPLICATIONS AND CONSEQUENCES
The foregoing discussion suggests a paradigm shift in terms of how we interpret many tight-gas systems. Table 1 outlines observations common to tight-gas development that have frustrated tight-gas workers for many years largely because the subsurface has been viewed (not necessarily knowingly) from the Figure 5A , with Rock Type 1 being the initial sample at time of charge (7000 ft, 2134 m depth), Rock Type 2 and 3 are at intermediate burial depths of 10,000 ft (3048 m) and 12,000 ft (3658 m) respectively. Rock Type 4 is at maximum burial depth (14000 ft, 4267 m) and Rock Type 5 is at present day depth of 9500 ft (2896 m) following 4500 ft (1372 m) uplift and erosion. The trend from rock-type 1 to rock-type 4 and 5 shows an evolution from meso-pore throats to nano-pore throats. (C) The pseudo capillary-pressure profiles are modeled as drainage profiles using the approach of Hawkins et al. (1993) . The model suggests that capillary-pressure profiles typical of what is observed today in many tight-gas reservoirs likely evolved from much more favorable capillary profiles characterized by lower entry pressures and a more broad distribution of pores with larger pore throats. Initial petroleum charge would have had to overcome lower displacement pressures than what would be predicted from capillary pressure profiles taken today. With increased burial diagenesis, a given wetting-phase saturation would move to the "northeast" as rock quality diminished.
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perspective that reservoirs and fluids are in a state of primary-drainage capillary equilibrium. From that vantage point, rock types, water-saturation, petroleumcolumn height and productivity should be interrelated and saturation-based formation evaluation should successfully discriminate water production from petroleum production. The dynamic history of early petroleum charge, continued pore-volume change, and structural reorganization advocated in this paper results in reservoir systems unlikely to be in a state of primary-drainage equilibrium. The implications of such a paradigm shift are significant and include the following.
Implications for Formation Evaluation
The goal of formation evaluation is to use a variety of downhole measurements to detect, diagnose, and quantify rock properties that control the storage and production of oil and gas reserves from subsurface reservoirs. Formation evaluation guides completion decisions and in the larger sense guides resource and reserve assessment, reservoir development and production planning (modified from University of Texas, 2010). In order to be useful, the degree of confidence in predictions suggested by formation evaluation must be very high or at the very least, the uncertainty must be well understood. In many tightgas systems, however, false-positives and/or falsenegatives at the reservoir scale erode that confidence, significantly reducing the ability of traditional formation evaluation to accurately predict well performance. It is not uncommon in many tight-gas provinces for similar water-saturation values to be associated with gas production, gas and water production, and water production, and for similar water-saturation values to be associated with poorperforming wells as well as high-performing wells. It is often difficult to discriminate zones that will fully perform from zones that are likely to underperform, or zones that will simply fail to deliver petroleum to the wellbore (e.g., Johnston et al., 2009; Diomampo et al., 2010) . It is this lack of confidence that has led many, if not most, tight-gas operators to conduct their formation evaluation with a perforating gun and attempt completions across any reservoirs considered to have some chance of success. Although rarely stated explicitly, unique relationships between capillary pressure, petroleum-column height, fluid saturation and performance only occur . Mercury-injection capillary pressure profile showing a full drainage-imbibition cycle for a tight-gas sandstone reservoir. Height above free-water is shown as a linear scale (A) and a logarithmic scale (B). Hysteresis describes the difference in the two pathways, drainage and imbibition (injection and withdrawal). The amount of hysteresis reflects the complexity of the pore system, the high aspect ratio between pore bodies and throats, all of which determine the degree of capillary snapoff. The point at which the imbibition curve intersects "0 capillary pressure" is referred to as residual saturation. At residual saturation there is a disconnected, nonwetting phase trapped in the pore system. Because of pore and pore-throat complexity, tight-gas reservoirs often exhibit residual saturations that range between 25%-80% Sw (water saturation).
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Evolution of Tight-Gas Saturation Figure 7 . Composite figure illustrating capillary-scanning loops for a range of tight-gas porosity and permeability values. Each sample underwent three cycles of mercury injection and withdrawal (drainage and imbibition). Data from Byrnes et al. (2009) . Porosity-permeability data and K/phi provide an indication of overall reservoir quality (K/phi referenced to Ka). In general there is an increase in hysteresis with decreasing reservoir quality. Note the steep nature of both the imbibition loops and the secondary-and higher-order drainage loops relative to the primary drainage curve. In general, the secondary-and higher-order drainage loops have less variability in saturation with respect to capillary pressure (proxy for column height) than do the imbibition profiles.
during primary drainage displacements. Under all other conditions, the relationships between fluid saturation, capillary pressure, productivity, and performance can be highly complex and nonunique. The difficulties in tight-gas formation evaluation may not reflect the shortcomings of particular saturation models or inaccurate electrical parameters or poor information surrounding formation waters, but rather that most traditional formation evaluation workflows assume primary-drainage conditions and the dynamic nature of many of these basins results in non-primary drainage conditions; the problem largely lies in the conceptual model itself. Although formation evaluation has evolved considerably from relatively simple resistivity-based saturation determinations, the fact that repeated attempts to bring more sophisticated approaches to tight gas have met with only limited success in tightgas formation evaluation means that we still approach many of these provinces with resistivity and porositybased formation evaluation. In some cases, the ability to predict performance with reasonable confidence is so limited that operators have concluded the costs of acquiring open-hole data is not warranted and completion decisions are based on cased-hole gamma ray logs or even cement-bond logs. As a result, we need to reexamine the parameters within formation evaluation routines that heavily influence saturation determination.
Trapped Gas-Residual Gas
Figures 7 and 9 suggest that high residual saturations in tight-gas reservoirs can occur at low water saturations (Sw) and would be difficult to distinguish from (H) and (I) wetting phase (water) flowing into a nonwetting filled pore is greater than the water flowing out of the pore throat leading to water accumulating in the thin film wetting layers and the thin films to thicken. (J) As the water layer increases thickness, the nonwetting phase snaps off at the narrowest portion of the pore throat separating the nonwetting phase into two droplets and leaving a filament of nonwetting phase stranded. In order for the nonwetting phase to reconnect, the buoyancy pressure associated with the petroleum filament has to exceed the entry pressure defined by the geometry of the pore-throat. Modified from Al-Gharbi and , Figure 9 .
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Evolution of Tight-Gas Saturation "producible pay" on the basis of water saturation. The physical significance of this residual gas (or near residual gas) is that the pore system contains a nonwetting phase that is poorly connected and has little capillary pressure. The cause for such high residual gas saturation is the complex, high-aspect pore geometry that results in significant non-wetting phase snapoff. When such a rock is drilled, it invariably releases the gas in the form of gas shows and when wireline data are acquired and water saturations determined, those water-saturation values likely reflect the volumetric portion of the pore volume that is gasbearing yet such an interval performs poorly on production. The fundamental problem is that saturation estimates cannot assess the degree to which a petroleum phase is connected and capable of production. Developing methods that allow trapped gas or residual gas to be distinguished from producible pay ahead of completion decisions is a high priority in tight-gas formation evaluation research. Among the approaches being considered are comparison of near-wellbore saturations with far-field saturations, Figure 9 . Composite plot illustrating residual saturation values against permeability. The orange data points come from residual values collected from mercury-injection capillary pressure experiments that went through at least one drainage-imbibition cycle. The blue data points were derived from counter-current imbibition tests. This plot illustrates that residual saturation can be difficult, if not impossible, to distinguish from producible "pay" on the basis of saturation alone. It is not uncommon in tight-gas for 50% water saturation (Sw) to be regarded as a threshold value for "pay" with values less than 50% Sw being regarded as producible. Figure 10 . Schematic illustration summarizing saturation relationships within a stratigraphic trap from time of initial charge through uplift and structural reorganization. Although this figure portrays an alluvial channel sandstone as a stratigraphic trap, the same concepts can be applied to any trap type and geometry that undergoes a basin history similar to those found in many (most?) tight-gas basins. Each of the three scenarios includes an illustration of the alluvial channel (yellow indicating water-filled sandstone) with an arrow indicating structural dip, gas filling part of the alluvial channel (shown in a light red color), and the position of six wells with their production indicated as gas (red) or water (blue). Although this figure illustrates the petroleum type as gas, the concepts apply equally well to oil. Also shown is a burial history plot with a large red dot showing the position on the plot that the illustration is intended to represent. In the case of Figure 10B and C, a smaller red dot shows the position of the previous figure highlighting the evolution in burial history. Also shown is a pseudo-capillary-pressure profile showing the evolution of capillary pressure profiles and where the six wells might likely be represented in terms of capillary pressure. For simplicity, only a single rock-type is considered in these illustrations. (A) Initial gas charge prior to maximum depth of burial. Reservoir properties as described by capillary-pressure profiles are enhanced relative to values found today. Gas displaces water as a primary drainage displacement. Water saturation and capillary height are closely related. (B) With burial, the capillary pressure profile shifts to the "right" as reservoir quality degrades. Decreasing pore volume leads to an increase in gas column thickness. Although the gas compresses during burial reflecting increasing pressure and temperature, the effect of decreasing pore-volume through diagenesis causes the gas-column to increase. The actual amount by which a column would increase would depend on the precise configuration of the trap itself (stratigraphic, structural, combination) as well as precise pressure and temperature trends. As pore throats decrease, capillary pressures increase and water is imbibed causing water-saturations to increase. Original gas-water contacts would expand downward.
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Evolution of Tight-Gas Saturation direct assessment of water saturation through the use of di-electric methods, and pressure measurements within single reservoir sandbodies through use of cased-hole dynamic testing.
Resistivity Index
Wettability and saturation history are important factors in the determination of electrical resistivity of a porous medium because they control the location and distribution of conductive and non-conductive fluids. In addition to fluid conductivity, electrical conductivity also varies with the length and crosssectional area of the conductive pathway (e.g., Anderson, 1986; Rasmus, 1987; Kennedy, 1993, 2009 ). Archie (1942) related resistivity index to water saturation through the expression I = Rt∕Ro = Sw −n , where "n" is the "saturation exponent" and is the slope determined from a loglog plot of Rt/Ro vs Sw. Because "n" is an exponent, resistivity-based water saturation estimates are heavily influenced by even small changes in the choice of saturation exponent. In the absence of locally calibrated measurements, a default value of n = 1.8 is commonly used in tight-gas formation evaluation (e.g., Cluff and Cluff, 2004) . A significant number of laboratory studies have shown a strong dependence between resistivity index, wettability, and displacement direction with resistivity indices generally higher in oil-wet samples as compared to water-wet samples (e.g., Anderson, 1986; Donaldson and Siddiqui, 1987; Longeron et al., 1989; Jun-Zhi and Lile, 1990; Wei and Lile, 1992; Dernaika et al., 2012) . Of greater interest to tight-gas development are studies that suggest hysteresis in resistivity index between drainage and imbibition displacements for water-wet samples. Several studies (e.g., Longeron et al.,1986; Zeelenberg and Schipper, 1991; Wei and Lile, 1992; Al-Kaabi et al., 1997; Kumar et al., 2010) all reported varying degrees of hysteresis in resistivity index for water-wet samples between drainage and imbibition displacements and generally attributed the hysteresis to the pore geometry and microscopic distribution of fluids. Stalheim and Eidesmo (1995) modeled resistivity index in a water-wet system and suggested that resistivity index was sensitive to the geometry of the non-conductive phase. More recently, Gladkikh et al. (2006) studied transport processes through the use of a glass-bead model and concluded one should expect little-to-no hysteresis in resistivity index between drainage and imbibition direction displacements in water-wet systems. In his Ph.D. dissertation, however, Gladkikh (2005) suggested that there could be significant hysteresis in resistivity index between drainage and imbibition displacements in water-wet pore systems that had undergone substantial pore-filling cement. In this case pore-filling cement significantly changed electrical efficiency (sensu Kennedy, 1993, 2009) leading to hysteresis in resistivity index.
Although there is virtually no published information on hysteresis in resistivity index measurements in tight-gas systems, the idea that resistivity index might vary with displacement direction in complex, high-aspect ratio pore systems has direct bearing on Figure 10 . (Continued). (C) With basin uplift and reorganization and an approximately 90°rotation in structural dip buoyancy forces lead to an adjustment in the orientation of petroleum-water contacts. Some accumulations could spill completely and some might only partially spill. As gas columns adjusted to changing structural attitudes some displacements would be drainage, whereas others would reflect imbibition. Location 1 would be lower in the adjusted gas column and would reflect imbibition causing a shift from position 1' to 1". Location 2 would be almost out of the gas accumulation following structural adjustment. As a result, Location 2 would shift from 2' to 2" and would be at or near residual saturation. Location 3 was low in the original accumulation but is now much higher in the adjusted accumulation. This would largely be a drainage process and is shown by movement from 3' to 3". Similarly, Location 4 would move via a drainage process from 4' to 4". Location 5 was in the original gas accumulation but is now outside of the gas accumulation following structural adjustment and has shifted from 5' to 5" and now lies at residual saturation. Location 6 which was not in the original accumulation has moved via a drainage displacement to 6". The consequence of this dynamic interplay is that there are a wide range of capillary pressures clustered within a relatively narrow range of wetting phase saturations. Water saturation is no longer uniquely related to capillary pressure and saturation-based formation evaluation is often a poor predictor of well performance. Importantly, reservoirs at, or near residual saturation could have promising gas shows, have a calculated water saturation value that might be suggestive of producible petroleum, and produce largely water. A reservoir such as this lying at, or near residual saturation would appear similar in terms of promising gas shows and calculated water saturation as one with significantly greater capillary pressure and capable of significant gas production with limited water.
the prediction of resistivity-based saturations in tightgas reservoirs. Zeelenberg and Schipper (1991) , Wei and Lile (1992) , and Al- Kaabi et al. (1997) all predicted resistivity index would be higher in the imbibition direction than in the drainage direction whereas Gladkikh (2005) suggested the opposite, that resistivity index would be lower in the imbibition direction than the drainage direction. To the extent that the principles of electrical efficiency Kennedy, 1993, 2009 ) have merit in tight-gas reservoirs, it would seem that with increasing pore complexity and pronounced capillary snapoff that resistivity index might tend to increase in the imbibition direction, however, this would likely depend on the geometry of the conductive wetting phase. Increasing saturation exponents (Archie "n") would increase apparent water saturation and decrease apparent petroleum pore volume potentially bringing resistivity-based saturation estimates more in-line with some well performance. While significant hurdles likely exist in the laboratory in terms of collecting accurate resistivity indices under drainage and imbibition displacements for tight-gas reservoirs, these data are sorely needed to further investigate this critical issue.
Pickett-Type Plots
Resistivity and porosity based water-saturation estimates can be derived arithmetically by solving Archie's equation, or its many derivative equations, however, this usually requires estimates of the porosity exponent "m", the saturation exponent "n", and formation water resistivity, Rw. Estimates of water saturation can be also be derived graphically through the use of Pickett-type plots (e.g., Pickett, 1966 Pickett, , 1973 Aguilera and Aguilera, 2001 ). These plots compare porosity against resistivity and graphically solve for water saturation, as well as derive estimates of the porosity exponent "m", the saturation exponent "n", and formation water resistivity, Rw. The strength of Pickett-type plots in formation evaluation is that they (a) allow for pattern recognition and comparison of data sets and (b) critical parameters are derived from the plots as opposed to being required as input to arithmetic approaches. Examples of Pickett-type plots are shown as part of Figure 11 . A basic approach in Pickett-type plots is to consider the lowresistivity, high-porosity datapoints to be at or near 100% Sw and to place an Ro trend, the line that defines 100% Sw, along the "left edge" of the data cloud. Extrapolation of the Ro trend to 100% porosity defines "a*Rw", and the slope of the Ro trend itself defines "m" (Figure 11 ). If reservoir intervals are at or near residual saturation and produce water then aligning those datapoints with an Ro-trend at Sw = 100% will tend to underestimate formation water salinity, overestimate Rw, and will lead to an overestimation of water saturation. In cases where reservoir intervals are suspected of being at or near residual saturation, it might be more realistic to define the "left edge" of the data cloud at a Sw<100%.
Case History: The Ericson Sandstone-Greater Green River Basin, Wyoming-Widespread Residual or Near-Residual Saturation?
The Ericson Sandstone across much of the eastern Greater Green River Basin provides an illustration of many issues that frustrate formation evaluation in low-permeability sandstones. The upper part of the Ericson Sandstone is a relatively high net/gross alluvial sandstone that is overlain by, and interfingers with the lower net/gross, alluvial and marginalmarine Almond Formation. The Almond is a significant oil and gas reservoir across much of the eastern part of the Greater Green River Basin. Together, the Ericson Sandstone, Almond Formation, and lower part of the overlying Lewis Shale comprise a transgressive sequence set with depositional environments ranging from well connected alluvial sandstones at or near the base to poorly connected alluvial sandstones, coals and floodplain deposits, capped with retrogradationally stacked, shallow-marine parasequences and marine shales. When encountered on welldefined structural closures the Ericson Sandstone can produce significant volumes of gas (e.g. Canyon Creek, Trail Fields -WOGCC, 2013) . Across much of the basin, however, the Ericson Sandstone is known for giving gas shows while drilling, having higher formation resistivity and higher overall porosity than sandstones in the immediately overlying Almond, having density-neutron gas-effect (crossover) and calculated water-saturations equivalent to, or lower than those found in immediately overlying producing intervals in the Almond Formation.
Despite what would ordinarily be regarded as encouraging, the Ericson Sandstone is also known for producing large volumes of formation water at sustained rates (e.g., Shanley et al., 2007b) . For some operators the water issues are sufficiently severe that drilling strategies are designed to completely avoid any physical contact with the Ericson Sandstone. A set of wireline logs from the Almond through Ericson are shown in Figure 11 .
Over the years the paradox of relatively low calculated water saturation, limited petroleum production, and generally sustained water production within the Ericson has caused a re-examination of virtually all aspects of formation evaluation relevant to the Ericson interval. Exhaustive efforts have delved into issues surrounding formation-water resistivity (Rw) and electrical parameters (porosity exponent -Archie-m, and saturation exponentArchie-n); the conceptual framework being that if we simply had the "correct" inputs, formation evaluation would more closely match performance. The data collected through these efforts have, in turn, been compared to values of similar variables predicted by interpretive tools such as Pickett-type plots (e.g., Pickett, 1966 Pickett, , 1973 Aguilera and Aguilera, 2001) . Billingsley (2005) compiled an extensive suite of formation-water analyses across the Greater Green River Basin and confirmed the long-held assertion that formation waters in the Ericson Sandstone were somewhat lower salinity than those found in the overlying and petroleum productive Almond Formation ( Figure 11F ). Figure 11B shows a Pickett-type plot for a well drilled into the Ericson Sandstone. Traditional approaches to formation evaluation would suggest that a significant proportion of the Ericson Sandstone would have water-saturation values less than 50% with some thinner intervals having water-saturation values less than 30%. Normally, tight-gas intervals with such low water saturations would be expected to produce gas and only limited water. If the problem were reversed to determine the formation water salinity required to derive high calculated water-saturations such that water saturations would more intuitively match well performance the predicted formation water salinity values would be much, much lower than what has been encountered or recovered anywhere in the basin (e.g., Billingsley, 2005 ; Figure 11D-F) . It is unlikely that the disconnect between formation evaluation and reservoir performance can be attributed to a choice of formation-water salinities that are grossly in error.
To close the gap between observed well performance and predictions from formation evaluation, porosity exponents (Archie-m) and saturation exponents (Archie-n) have been re-examined. Values of 1.80 to 1.85 are commonly used for both Archie-m and Archie-n in the absence of local calibration and movement of these exponents towards higher numeric values would have the effect of increasing perceived water saturations. Byrnes et al. (2009) collected a large data set focused on porosity exponents in tight-gas sands. Their data conclusively shows that porosity exponents (Archie-m) systematically decrease with decreasing porosity from values slightly less than 1.9 to values approaching 1.3. Use of these data in formation evaluation would not alleviate the calculated water-saturation issue described above but would further exacerbate it resulting in even lower calculated water-saturation values. The conclusion from an examination of electrical parameters is that the disconnect between well performance and formation evaluation is not due to the use of inappropriate electrical parameters. If anything, closely calibrated values would likely be less than values that are commonly used causing an overall decrease in water saturation, not an increase.
The failure of traditional formation evaluation to successfully predict well performance in the Ericson Sandstone combined with the dynamic view of basin history suggests an alternate view of the Ericson Sandstone is required. Integrating regional formation evaluation with the dynamic basin history previously discussed we now interpret the Ericson Sandstone to be at or near residual saturation across much of the Greater Green River Basin. The Ericson Sandstone is a well-connected, "sheet-like" deposit across much of the Greater Green River Basin. Its close proximity to documented source rocks within the Almond (e.g., Tobin et al., 2010) and the lack of widespread internal baffles and barriers suggest the Ericson Sandstone likely served as a migration pathway for petroleum derived either from overlying or underlying source rocks. Tobin et al. (2010) illustrates the structural evolution in the vicinity of the Wamsutter Arch and We estimate that a Rw value in excess of 2.6 ohm-m is required to remove all "apparent pay". (F) Chart Gen-6 (Schlumberger, 2005) showing the resistivity of NaCl solutions as a function of temperature. Typical salinity values for the Almond and Ericson are shown as is the salinity range required to produce high Sw values in the Ericson. Traditional interpretation of Picket-type plots where the "left edge" of sandstones are used to infer a likely Ro-line leads to the interpretation that much of the Ericson is at low water saturation and is likely "producible pay". It is more likely that the Ericson Sandstone is at or near residual saturation and the "left edge" of the data cloud is not wet, but at residual saturation. The use of Pickett-type plots in non-primary drainage cases should be done with care. All abbreviations shown in Figure 11 are explained in Appendix.
shows how the arch has migrated to the north and opened to both the east and west eliminating any large traps that may have been present. Petroleum migrating through the Ericson would be a drainagedisplacement process (nonwetting phase displacing a wetting phase) at the leading edge and an imbibition-displacement at the trailing edge (wetting phase displacing a nonwetting phase). Any petroleum that was trapped during early phases of migration has been spilled resulting in imbibition and the Ericson being at or near residual saturation. This form of capillary trapping is similar to what has been proposed for sequestration studies by Kumar et al. (2004) and Juanes et al. (2006) as well as what has been suggested in the case of re-migrated petroleum in the northwest German Basin by Davis et al. (2012) .
Implications for Rock Typing and the Use of Capillary-Pressure Data
Capillary-pressure data have long been used to provide insights to reservoir porosity, permeability, poredistribution, and pore-throat geometry and as such forms the foundation of many petrophysical rocktyping schemes (Arps, 1964; Berg, 1975; Schowalter, 1979; Sneider et al., 1981 Sneider et al., , 1983 Sneider et al., , 1984 Jennings, 1987; Yuan and Swanson, 1989; Hartmann and Coalson, 1990; Yuan, 1991; Hartmann and MacMillan, 1992; Vavre et al., 1992; Gunter et al., 1997; Hartmann and Beaumont, 1999; Rushing et al., 2008; Hollis et al., 2010) . The economic motivation for these rock-typing schemes is to provide improved performance prediction whether at the scale of an individual well or a complex reservoir model and simulation study. In many traditional reservoirs, rock typing of this nature has met with tremendous success, however, in most tight-gas provinces rock typing as a predictive tool has met with only limited success. The arguments presented in this paper lead to the suggestion that there are three major factors contributing to the reduced effectiveness of capillary-pressure-based rock typing in low-permeability reservoirs.
1. Previous studies of tight-gas reservoirs (e.g., Shanley et al., 2004; Byrnes et al., 2009) have shown that permeability in many tight-gas reservoirs is extremely stress sensitive. Despite that stress sensitivity, the vast majority of capillary-pressure data in use in tight-gas studies are collected at low, ambient-stress values that do not reflect in-situ reservoir stress. Byrnes et al. (2009) collected several capillary-pressure profiles under both ambient and stressed conditions and showed the impact of stress to be significant, particularly as overall reservoir quality (porosity and permeability) declined. Confining stress has the effect of closing critical pore throats and increasing the overall column height required to enter pore bodies. Depending on overall reservoir quality, differences between ambient and stressed capillary-pressure profiles could be observed across a wide range of wetting-phase saturation. It should come as little surprise that efforts to characterize stress-sensitive reservoirs with ambient capillary-pressure data often fall short. 2. The work highlighted in this paper suggests that tight-gas reservoir properties were dramatically different (higher porosity and permeability) at the time of petroleum charge than is found in the laboratory today. The capillary-pressure profiles that we collect from reservoir samples today reflect the impact of the full burial and diagenetic history of the reservoir which was not the pore system at the time of petroleum migration. The use of capillary-pressure-based rock typing pre-supposes that the pore system depicted via capillarypressure profiles reflects the pore system at the time of petroleum charge. In many (most?) lowpermeability reservoirs in the Rocky Mountain region of the United States we suggest this is unlikely to be the case. 3. Capillary-pressure-profile-based rock typing, like saturation-based formation evaluation is fundamentally rooted in the concept that the reservoir and associated fluids are in a state of primary drainage equilibrium; fundamentally, the rock types found in the reservoir are expected to lie along the primary drainage curves appropriate to those rock types. It is only under this set of conditions that capillary pressure and water saturation and performance prediction can have unique relationships. If reservoirs cannot be described by primary-drainage conditions then the ability to successfully predict reservoir performance using these traditional tools is greatly diminished.
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Implications for Play and Prospect Evaluation and Risk Assessment
In many tight-gas provinces petroleum shows, particularly gas shows while drilling, are common. In fact, there are vast areas within low-permeability basins where gas shows are ubiquitous. The widespread nature of these gas shows is sometimes used to underpin both regional exploration as well as local prospect development. In many cases these shows are used to suggest that producible petroleum is present and that focused efforts should be given to appropriate completion methodology. Despite the widespread nature of gas shows, in many low-permeability provinces economically producible petroleum is far more areally restricted and more difficult to find (e.g., Shanley et al., 2004) . The dynamic interplay between petroleum charge and migration and late structural reorganization creates the opportunity for late-stage petroleum remigration and readjustment. In those stratigraphic intervals that have experienced this late-stage remigration, low-permeability reservoirs may be at or near residual saturation. The difficulty in distinguishing between gas shows and petroleum saturation calculated from wireline data reflecting residual saturation from trapped, producible saturation increases the uncertainty associated with plays and prospects; the notion that shows are indicative of trapped accumulations is overly simplistic. Understanding the basin history, especially during the latter stages of basin uplift, reorganization, and exhumation on a regional basis may provide insights as to the likelihood that gas shows reflect trapped accumulations from residual saturation.
CONCLUSIONS AND FUTURE DIRECTIONS
The focus of this paper is the dynamic interplay between basin structural history, the timing of petroleum generation and migration, the evolution of reservoir quality, and the impact this has on fluidsaturation history and present saturation state. Our focus has been on tight-gas provinces where this interplay results in a suite of observations that are not easily explained using traditional models that assume primary capillary-drainage displacement.
This work suggests that critical assumptions that underlie these traditional models be re-examined. It is entirely probable that the work presented here also applies to low-permeability oil reservoirs in basins with a similar history. The major conclusions of this work and suggestions for future investigations that may lead to additional insights into our understanding of tight-gas reservoir systems are outlined below.
1. Studies of basin history clearly suggest that petroleum charge and migration was followed by additional burial, later uplift, and structural reorganization and erosion. Tight-gas reservoirs were initially charged prior to maximum depth of burial and at that time had porosity values that were greater by a factor of as much as 2-3 and permeability values that were 1-3 orders of magnitude greater than the values found today. 2. Initial charge was likely a primary-drainage displacement process. Because reservoirs were initially of higher quality, low water saturations were achievable with only modest columns. As the burial, uplift, and exhumation history matured, however, reservoirs degraded, column heights increased, and water-saturation values also increased. Because of the late structural uplift and/or erosion that are common to most tight-gas basins, many reservoirs today may not be in primary-drainage equilibrium. Reservoirs today are more likely characterized by imbibition or secondary (or higher order) drainage or imbibition equilibrium. In many cases petroleum accumulations have been remobilized, gas has spilled, and in some cases remigrated. Migration pathways that lacked significant traps are likely at or near residual gas saturation. 3. Recognizing conditions that might suggest nonprimary drainage conditions is important. While none of the following observations is sufficient on its own, the occurrence of more than one of the following in tight-gas systems may well suggest non-primary drainage conditions.
a. Basin histories that show a dominant phase of petroleum generation in advance of reservoir zones reaching their maximum depth of burial followed by widespread basin reorganization, uplift, and erosion.
b. Saturation -height relationships that, when filtered to a very limited range of porosity values (or rock types) show little variability in Sw with respect to depth or height. c. Poor correspondence between saturationbased formation evaluation and well or reservoir zone performance. d. Lack of any truly wet (high Sw) intervals yet common formation-water production. e. Widespread gas shows across a large area in which economic production is much more elusive. f. Native-state laboratory analyses of water saturation that, when compared to capillary pressure data, show a wide range in predicted column heights over a much shorter vertical distance.
4. The concept of permeability jail popularized in Shanley et al. (2004) should be limited to describe permeability behavior as a function of saturation within the confines of a trap or when a continuous petroleum column is in existence. The issue of limited to no gas flow in tight-gas reservoirs that are at residual, or near-residual saturation, is not a function of low effective permeability to gas at moderate water saturations (permeability jail) but rather is related to snapoff and nonwetting phase trapping. 5. Conventional, wireline-log-based formation evaluation focused on assessing water saturations generally assumes a primary-drainage condition. Water saturation, petroleum-column heights and/or reservoir-productivity relationships, Pickett-type plots, etc. are all rooted in the primarydrainage saturation state paradigm. It is only under these conditions that unique relationships between water saturation, column height, rock type, and performance exist. If present-day reservoir conditions do not meet these assumptions then our methods of formation evaluation must be critically re-examined and modified accordingly. 6. Distinguishing residual saturation from saturations that are supported by economically attractive petroleum columns is extremely difficult. One possible approach would be to focus on understanding saturation history in the near wellbore region with respect to saturations found deeper in the formation. Because many wells drilled in these low-permeability reservoirs have used relatively fresh-water mud systems effects of invasion and near-borehole fluid displacement are difficult to quantify. With the increased use of synthetic oil-based muds there may be greater opportunity to examine near wellbore saturation state and to compare those measurements with saturations deeper into the formation to assess residual saturation. 7. Capillary-pressure profiles derived from core samples may not reflect the pore geometry or pore structure at the time of migration and petroleum emplacement. As reservoir quality degrades through the burial history the pore geometry and capillary-pressure profiles change accordingly. Additionally, the sensitivity of tight-gas permeability to stress further complicates the comparison of capillary-pressure profiles and performance prediction. Because of these factors the use of primary-drainage capillary-pressure profiles to describe these tight-gas reservoirs and to aid in performance prediction should be carefully reconsidered and used with caution. 8. The late structural reorganization that characterizes many tight-gas provinces allows for the possibility of late-stage gas remigration and adjustment. In some cases this can lead to more continuous stratigraphic horizons being reduced to residual or near-residual saturation and it may also lead to late stage petroleum movement and migration that could charge late-stage structural traps. This has immediate impact on risk assessment at both the exploration and appraisal scale. Traditional petroleum-systems analysis tends to regard traps that formed after initial petroleum generation as having substantially higher risk. In the case where basin reorganization follows generation and initial migration such as described in this paper, this late-stage reorganization may allow for a late phase of petroleum re-migration significantly changing the perception of risk associated with late trap formation. 9. While the focus of our work has been the interplay of basin history and fluid saturation in tight-gas provinces, there is no reason the same concepts do not also apply in oil provinces characterized by early petroleum charge followed by late structural uplift and re-organization. The lower petroleum density associated with gas versus oil suggests tight-gas systems might be more sensitive to this interplay than oil, however, there is no intrinsic reason we should not expect oil provinces
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Evolution of Tight-Gas Saturation that have a similar basin history to many tight-gas provinces to also have similar difficulties in formation evaluation.
We began this paper with an outline of several observations that are common to tight-gas provinces with complex basin history which are not easily explained assuming primary drainage capillary equilibrium. Once the guidelines offered by a primary-drainage paradigm are relaxed, the observations that were paradoxical become expected and once embraced, offer a different perspective with which to view low-permeability reservoirs and their resources. 
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